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Introduction
The size and shape of nano-scale structures often play a crucial role for the physiochemical properties of a nanomaterial 1, 2 . Although a variety of size-selected nanoparticle synthesis methods are available, the stability of the nanoscale structures is by no means guaranteed.
Due to their excess surface free energy, nanoscale structures present a metastable solid state and will inevitably tend to aggregate into larger structures [3] [4] [5] [6] . The stability of metal nanoparticles dispersed on for example an oxide support is important for their extensive use as efficient catalysts in environmental technologies and in the production of fuels and chemicals 1, 2 . The high temperature and reactive gas conditions The sintering of supported nanoparticles is typically attributed to mass transport mechanisms involving crystallite or atomic migration. The crystallite migration mechanism refers to sintering mediated by the migration of the nanoparticles and subsequent coalescence with neighboring nanoparticles 3 . The atom migration mechanism refers to the Ostwald ripening process in which sintering occurs by diffusion of atoms or atomic species between immobile nanoparticles either on the surface of the support or through the gas phase 3, 7 . For both mechanisms, kinetic models for the sintering of the supported nanoparticles have been established 3, 7 .
Specifically, the Ostwald ripening process is influenced by the so-called Gibbs-Thomson effect relating surface coverage to vapor pressure.
The result is here that the concentration of atomic species in the vicinity of a particle is higher for small particles than for large particles. This concentration gradient leads to a net flux of atomic species from the smaller particles towards the larger ones, so the larger particles eventually grow at the expense of the smaller ones. A meanfield model for Ostwald ripening kinetics, relevant for the present Pt catalyst described below 8 , describes the so-called interfacecontrolled rate of nanoparticle radius changes, dR/dt, by 3, 9 ,
where α is a system dependent parameter, R is the particle radius and R* is the critical radius, corresponding to the particle size which neither shrinks nor grows and which is in equilibrium with a constant concentration of atomic species in the area between the particles (also referred to as the mean-field) at the given time. R* will increase with time as sintering proceeds and it has been shown that R* equals the mean particle radius 10 .
In the past, the sintering models were mainly evaluated by comparing predictions with experimental observations of ensemble averages or distributions of particle sizes obtained by postmortem characterization 3, 8, [11] [12] [13] [14] [15] [16] [17] (1) for predicting the temporal evolution of the particle size distributions and ensemble averages.
Experimental details
The Because the average Pt particle size after heat treatment only differed by 0.5% for the specimens, the temperature measured on the furnace is concluded to be representative for the specimen temperature in the present experiments.
From the acquired TEM images, Pt particle sizes were measured by manually or automatically outlining the particle perimeters, using the software ImageJ, and the corresponding projected areas of the particles were converted to particle diameters using a circular approximation.
To check the consistency of the automatic approach, images with 1000 particles were automatically and manually analyzed and the best agreement was obtained for an automatic analysis The study of the electron beam effects was repeated to address the influence of temperature variations by using a new specimen exposed to the oxidizing conditions at a temperature of shrinkage rates (Fig. 2 ), the total Pt particle diameter shrinkage caused by the electron beam can therefore be estimated to 0.2 nm, which is negligible, compared to the particle sizes.
Results and discussion
Sintering of the Pt nanoparticles was activated by fig. 4 shows discrepancies from the mean-field model.
For instance, while the diameter increase of particles 1 and 2 is similar, the diameters of particles 6-8 decay at different rates although the initial diameters are the same. The differences in growth rate are also obvious for particles 3-5.
Similar deviations were previously reported for metal systems under ultra high vacuum and for Au/TiO 2 under CO oxidation reaction 18, 21 . In accordance with those findings, the observations from figure 4 may be attributed to a local effect.
That is, the exchange rate of diffusing species for a Pt nanoparticle depends on the size of and the distance to the neighboring nanoparticles rather than on the mean-field concentration established by all nanoparticles. Figure 4 also shows surprisingly that the diameters of most particles are almost stable during the initial stage of the sintering process and that this initial period lasts for up to 2 hours of the experiment. During the initial stage a change in diameter is, however, observed for the smallest particles ( Fig. 4 ). Based on equation (1), it is expected that the rate of diameter change will be highest for the smallest particles.
12
The apparent local effects on ripening raise the question whether the mean field model is applicable for describing the ripening kinetics for an entire ensemble of Pt nanoparticles. Figure 3f j presents PSDs derived from particle measurements in the area followed through the experiment (corresponding to fig. 3a-e ).
Interestingly, the initial Gaussian shape Fig. 3) , several TEM images were acquired at areas on the specimen that were previously not exposed to the electron beam. PSDs of technical catalysts 16 . It has been discussed that the sintering mechanism may be deduced from the specific shapes of the particle size distributions 3, 8, 11, 12 it indeed is difficult to infer the mechanism from the particle size distributions 16 Based on the PSDs, the temporal evolution of ensemble-averaged properties, such as the number-averaged mean particle diameter and particle density, is determined ( fig. 6a-b) . Figure   6a shows that the overall trend of change in the mean diameter with ageing time is similar for the limited area (corresponding to fig. 3 ) and the additional areas (corresponding to fig. 5 ). The mean diameter remains almost stable during the initial period, but suddenly increases rapidly and subsequently becomes roughly constant with time. The error bars in fig. 6a show how the standard deviation of the particle sizes changes with time as well. Initially, the standard deviation is small reflecting a narrow initial PSD. The spread in particle sizes increases at the onset of the fast increase in the mean particle diameter.
Finally both the mean diameter and the particle spread remain almost constant. Figure 6b shows that the particle density is high during the initial stage and is reduced with time until it stabilizes when the mean diameter stabilizes ( fig. 6a-b ).
The results in figures 6a and b clearly show that the sintering rate slows down in the final sintering stage. That the mean diameter is almost stable in the initial stage (fig 6a) could indicate that no sintering is taking place at this stage.
However, the decrease in density shows that particles decay and that a slow sintering process indeed proceeds (6b). This is also consistent with figure 4b which shows that the smallest particle diameters appear to shrink over time.
reflect the same overall trend, differences are also apparent. Based on the consideration of electron beam-induced shrinkage (fig. 2) , the difference is likely not dominated by such effects. It can not be ruled out that the difference partly results from removal of free diffusing Pt-oxygen species from the specimen by the electron beam. However, the volume of Pt in the nanoparticles can be estimated using a hemispherical shape approximation to the projected Pt particles outlined in the TEM images. Figure 6c shows that the Pt volume is stable throughout most of the experiment and does not reflect a significant loss of Pt, but rather a slight increase in the end.
Because Pt is not added to the sample, the apparent volume increase indicates that the particle shape changes to obtain a slightly larger projected area and that the hemispherical shape assumption is too simple. Hence the results in figure 6c can only be taken as indicative. It is noted that the mean particle diameter obtained from single TEM images of different areas indeed varies as indicated ( fig. 6a , open circles) and this intrinsic spread is likely the reason for the discrepancy between the particle size averaged over a single area and multiple areas.
To address the question whether the observed temporal evolution of the PSDs, as well as the mean particle diameter and particle density The simulated mean particle diameter evolves in time with an initial almost stationary period, followed by a rapid increase and, subsequently, by a period of slower growth (fig. 7b ). The simulated particle density evolves with an initial fast decrease that then slows down. The trends in the time-evolution of the mean particle diameter have previously been reported for simulations based on narrow Gaussian initial PSDs 8, 53 . There appears to be overall qualitatively agreement between the simulated and the experimental data for time-dependency of the mean particle diameter and particle density whereas quantitative differences are apparent.
Specifically, both the simulations and the experiment show interestingly that the initial stage with slow sintering is correlated with a narrow PSD. One explanation for the coupling of slow sintering with a narrow PSD is that even though a concentration of atomic species is believed to be generated from the initially small particles, larger particles are needed to take up the atomic species according to the Gibbs-Tompson effect. This, in turn, means that a broadening of the PSD will increase the sintering rate. This result also suggests that one route to suppress the deactivation of industrial catalysts through sintering could be to aim for very narrow initial PSDs. This will not be a route for stabilizing the catalysts, but may be a route for prolonging the meta-stable initial state resulting in higher total activity. In comparison, a slow onset for S induced ripening of Cu is also previously reported, but attributed to a shift in S concentration 48 .
The differences between the simulated and observed time-dependencies of the mean particle diameter and particle density include several effects. First, the initial period with a stationary mean particle size and narrow particle size distribution is considerably shorter for the simulated (ca. al. 58 , and hence cause deviations in particle size distributions, average particle size as well as particle density from the mean field model predictions as reflected in fig. 7 .
Conclusion
In situ TEM is used to monitor Pt nanoparticles Furthermore, the overall trends of the timedependency of the ensemble-averaged particle size and particle density agree with the meanfield expectations. However, at the individual nanoparticle level discrepancies are observed suggesting that the local environment influences the atom exchange process.
